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Abstract

:

Dendrochemistry, the measurement of element concentrations in tree rings for the purpose of assessing temporal changes in chemical environments, was used to study an area in south-central North Carolina, USA, that has experienced higher than expected incidences of a couple human illnesses. A principal objective of applying dendrochemistry around an area with public health problems is to assess the environmental chemistry through time to see if the environmental abundance of any elements has changed recently, which then might inform further research into the possible linkage between those elements and the reported illnesses. Loblolly pine is common in the study area and, therefore, was chosen for sampling. Using acid digestion ICP-MS, decadal chunks of rings were measured for the concentration of multiple elements. Most of the elements measured do not show any particular changes in concentration throughout the time period covered by the trees, but four elements (molybdenum, chromium, iron, and, possibly, vanadium) show concentrations in the most recent decade (the 2010s) that were higher than for previous decades. Because this study was ecologic in design, it is not possible to associate these elements with the illnesses that are being reported for the area based on this study alone, but further environmental monitoring might be merited to confirm the temporal pattern found here.
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1. Introduction


In the realm of public health, illnesses have background rates of incidence that are considered baseline minima. For example, in the US, the age-adjusted incidence rate of leukemia in children and adolescents younger than 20 years of age is 4.7 per 100,000 children per year [1]. Additionally, in the US, the rate of female breast cancer in 2019 was about 130 new cases per 100,000 women [2]. It is not that incurring any cases of an illness is acceptable, but rather that illness is inevitable at some background frequency that cannot be avoided [3].



If or when the incidence rate of an illness for a discrete place and/or period of time exceeds the background rate for that illness, concern might arise that something is wrong. For example, in the late 1990s, Fallon, Nevada, USA experienced an unusual incidence rate of childhood leukemia, about 12× the background rate, which was dubbed “one of the most unique clusters of childhood cancer ever reported” [4]. Additionally, beginning in the late 1990s, Clyde, Ohio, USA experienced about 2× the background rate of multiple types of cancer in children [5].



Upon identifying even the possibility of a public health problem in a place, a scientific investigation might be initiated for the purpose of at least documenting the problem, as well as for, perhaps, searching for a cause of the higher than expected incidence of illness. A sense of pessimism pervades such investigations, as it is commonly felt, for various reasons, that public health problems (illness clusters) cannot be solved by finding a cause for the higher frequency of cases [6]. Nonetheless, the effort is often exerted anyway. Fallon, Nevada was studied extensively and in multiple ways, including through conducting health surveys, testing water quality, assaying soil for contaminants, and quantifying airborne constituents [7,8]. The Fallon investigations were carried out by government agencies at multiple levels, as well as by academic entities. Clyde, Ohio was similarly studied extensively, also by government agencies and by academics [5].



A question inevitably emerges in investigations of public health problems: Has anything changed through time in or around the area of the problem? Changes that might affect public health include zoning laws for development projects [9], industry that might discharge or emit a contaminant [10], or roads causing an increase in vehicular traffic [11]. These kinds of changes in development might alter the environmental quality of an area or region by changing the quantity and/or exact composition of airborne particulates [12].



A method for assessing environmental change through time is dendrochronology, the study of tree rings. Traditional applications for dendrochronology include dating cultural and/or environmental events of the past [13,14] or reconstructing climate back in time beyond human memory or meteorological record keeping [15].



A subdiscipline of tree-ring analysis is dendrochemistry, the measurement of element concentrations in tree rings for the purpose of assessing changes in chemical environments [16]. Among other applications of dendrochemistry [17], this technique can be used in environmental studies of areas with public health problems. For example, tree-ring chemistry was employed in the investigation of the cluster of childhood leukemia in Fallon, Nevada [18,19], as well as in the environmental assessment of the excessive cancer in Clyde, Ohio [20].



It is not 100% straightforward just how to get started with dendrochemistry in an area apparently afflicted with too much incidence of a disease. Many questions arise:




	
What tree species grow in the study area and how suitable are they for dendrochronological analysis generally [21] and dendrochemistry specifically [22]?



	
Will trees be sampled within neighborhoods or from urban parks, or some combination of sampling sites?



	
Will trees be sampled with or without consideration of locations of either sick individuals or of potential point sources of a contaminant?



	
Will the sampling scheme include trees that might reasonably be considered as “controls”, in the sense that they are growing outside of the area of the public health problem [23]?



	
How many trees will be sampled, recognizing the reality that the chemical measurement of tree rings is expensive and that it could cost thousands of dollars to measure rings of even just a single tree?



	
What temporal resolution will be measured? Measuring at the annual scale would be costly, perhaps prohibitively, and individual rings might not provide enough wood biomass to confidently measure chemically. However, would a coarser time span (e.g., 2 years, 5 years, or decadal) adequately show changes through time in environmental chemistry?



	
What chemical elements will be measured in the tree rings? It is not necessarily knowable ahead of time which elements should be of interest in urban settings [24].



	
How will data analysis proceed in the search for element signals held across trees in the face of inter-tree variability, which can be high in dendrochemistry [25]?








An objective of this work is to consider these questions surrounding dendrochemistry in public health. A recent investigation serves as a case study. We became aware of an area that appears to be experiencing certain cancers at a higher rate of incidence than expected from baseline rates. We were asked to conduct dendrochemistry in and around this area to possibly determine if anything has changed in the recent past in terms of environmental chemistry. All of the questions listed above arose and needed to be considered. We agreed to try dendrochemistry in this case study, and in so doing, had the experience described herein.




2. Materials and Methods


2.1. Study Area


This study site is in the state of North Carolina, along the east coast of the US (Figure 1, inset). In south-central North Carolina, just north of the city of Charlotte, a reservoir named Lake Norman has multiple communities scattered throughout with variable densities of housing, parks, industry, and open areas (Figure 1). In 2018, it was reported that a couple communities near Lake Norman had higher than expected incidences of thyroid cancer [26]. The area has also experienced higher than expected incidences of ocular melanoma [27]. Relevant agencies have been investigating the area [28], but no clear cause of these public health problems has been identified.



The question arose of the timing of possible environmental change in the past around Lake Norman. Perhaps it would be instructive knowing when something in the environment changed relative to the perceived onset of the public health problems. The state epidemiologist noted that in addition to it being hard to identify what might be causing increases in cancer, it is also hard to determine when an issue began across an area [28]. Multiple techniques exist for monitoring and assessing environments for public health reasons, constituting a scientific subdiscipline known as environmental epidemiology [29]. Of those many techniques, one that focuses on environmental change through time at a sufficiently fine temporal resolution is dendrochemistry [30]. Upon being asked to carry out dendrochemistry in and around Lake Norman, we agreed.



The approach used here to study environments of areas with public health problems falls within the style of investigation known as ecologic study [31], wherein environments are characterized broadly, as opposed to focusing on specific locations near individuals afflicted with the illness of concern [32]. A fundamental limitation of ecologic study is that it cannot conclude that something environmental caused a problem of public health [33]; thus, that was not an objective here. Rather, an objective in ecologic study is to generally characterize environments and/or changes in environments through time so that if something unusual were discovered, then it might become the focus of follow-up biomedical studies that could speak to causal association with the disease at hand [34].




2.2. Field Sampling


Accordingly, an ecologic investigation of the Lake Norman area was carried out. The sampling strategy for this dendrochemistry study was to select trees without regard to the locations of specific individuals who have been sick, to locations of possible sources of environmental contamination, or to specific contaminants thought to be candidates for concern. Rather, trees were chosen to represent the area more broadly (Figure 1). A couple sampling sites located away from the main area of interest were sampled in an attempt to have samples that might be considered controls, i.e., trees growing within the region but away from where the public health problems are located. However, without knowing beforehand the geographical patterns of the environmental chemistry of the area, it was not clear just where control sites could be found.



Tree selection was dictated by multiple criteria. Large-diameter trees were targeted for sampling in order to have as much temporal extent as possible, with decades of time at a minimum. Trees of the conifer type were preferred, as they are easy to obtain increment cores from relative to hardwoods and their growth rings are clearly visible and confidently identifiable [22]. The predominant species wound up being loblolly pine (Pinus taeda), which is common and abundant throughout the Piedmont Plateau, including in North Carolina [35]. Some sampled trees were on private property and were selected because the homeowners knew of this study and helpfully volunteered their permission to collect cores from their trees. Other trees sampled were in natural areas with no clear private ownership, but were representative of forest stands of hundreds, if not thousands, of similar trees. Because of sampling across such different sites (private homes versus public areas), soil conditions such as nutrient status or moisture availability were not controllable for each tree. At each sampling site, at least two trees were collected so as to have the ability to assess inter-tree variability [36]. All trees sampled were healthy, at least outwardly, with no bark abrasions (e.g., fire scars) or obvious indications of bark beetles, for example.



Tree sampling was performed by increment coring, which is the dominant method of sample collection in dendrochronology [37]. The impact of increment coring on trees has been debated [38], but coring is considered not harmful to healthy trees typically used in dendrochronology [39], which characterizes the loblolly pine. A standard borer, 40 cm in length and 5 mm in diameter, was used. Two cores were collected from each tree, with each from the same side of the tree so as to be essentially duplicates of each other. The increment borer was sanitized with isopropyl alcohol in between trees. Increment cores were placed in sterile plastic drinking straws for labeling, protection, and transport.




2.3. Lab Procedures


In the lab, the increment cores were processed specifically for dendrochemistry, as opposed to generally for dendrochronology. Cores were attached to protective mounts for safe keeping, but they were not glued into the mounts, which could be a source of contamination [40]. Rather, cores were just tied to mounts using string. Cores were not sanded, another step that could, if not should, cause contamination by distributing sanding dust across rings [41]. Instead, cores were viewed as-is under a low magnification for the purpose of identifying rings, which, as expected, were clearly visible because growth rings in loblolly pines growing in favorable conditions are usually easy to distinguish [42].



For chemical measurements, an additional sample selection step was invoked. Chemical measurements are expensive relative to ring-width dendrochronology; thus, the measurement started with only a subset of trees and with a temporal resolution coarser than annual. Namely, only one tree from each subsite was chosen for measurement, only one core from each chosen tree was measured, and that core was cut into decadal time chunks. This provided a sufficient amount of data to allow a preliminary view of the dendrochemistry of the area while leaving sample material for conducting more measurements and cross-checking results if necessary. Additionally, measuring decadal time chunks acknowledges the possibility of elements moving across rings [43] and serves as a temporal smoothing technique right from the start [36].



The wood of the tree rings was chemically analyzed via acid digestion, followed by inductively coupled plasma mass spectroscopy (ICP-MS). Oven dried (50 °C) wood samples were weighed into precleaned, preweighed, trace metal-free polypropylene digestion tubes. Depending on the mass of each sample, 3–6 mL of concentrated Optima-grade nitric acid (HNO3) was added to the tube. The samples were allowed to sit at room temperature for two days, and then, were digested at 90 °C in a heat block until digestion was complete, usually between 1 and 2 h. After digestion was complete, the sample tubes were reweighed in order to calculate dilution factors. After thorough mixing, a 1.5 mL aliquot of the digestate was gravimetrically diluted by a factor of 10 with ultrapure 18.2 megaOhm/cm water. Internal standards of Be, Bi, and In were also added.



To calibrate the VG PlasmaQuad 3 ICP-MS, linearity standards were prepared. These linearity standards were diluted from multielement calibration standards obtained from High Purity Standards. Scandium and indium were added to the linearity standards at approximately 20 ppb for scandium and 10 ppb for indium. Be, In, and Bi internal standards were added to the linearity standards at approximately 20 ppb (for Be), 10 ppb (for In), and 5 ppb (for Bi). Four standard points were used to calibrate the instrument for all elements of interest. The exact concentrations for all standards were calculated and these data were used to create the linear calibration curve of instrument response versus concentration (for each analyte). The linearity standards were reanalyzed repeatedly during the analytical run to ensure continuous correct instrument response. Solutions were measured for the concentration of elements of a couple standard sets, namely: Be, Al, V, Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Se, Mo, Ag, Cd, Sn, Sb, Ba, and Pb. The limits of detection were mostly ≤10 ppb. Sample values less than the limit of detection were considered missing values.





3. Results


Intuitively, a first look at the dendrochemistry data could be carried out with nothing more than simple overlay plots of raw concentrations of each element across all trees measured (Figure 2). One feature this approach exposes is if some trees differ from the others by having higher concentrations of an element through time (Figure 2a). In this North Carolina study, one tree (Tree #1, dashed line) does stick out from the others with high concentrations of four elements: Cr, Fe, Mo, and Ni. This tree is not unusual with regard to the other elements measured, and thus, it might merit following up on why this tree has a high concentration of some elements. Accordingly, the subsite pair tree of Tree #1 (Tree #2) was measured. Tree #2 does not show high concentrations of these four elements. This might be an example of inter-tree variability in dendrochemistry, where trees growing close to one another do not necessarily show identical values and/or patterns through time [44].



One other tree (Tree #26) shows high concentrations for Cd (dashed line), and two trees show high concentrations for Ba and Pb (dashed lines) (Figure 2a). It is not immediately apparent what might be causing these trees to be outliers for these elements. In the cases of these elements, the next step in the analysis would be to measure their intrasite pair trees to see if multiple trees show similarly high values.



Otherwise, a dominant feature of this data set of raw concentrations through time is high variability within each series, as well as between trees (Figure 2b). No particular tree or element sticks out as unusual from the others based on most of these plots of raw concentrations.



A ramification of there being outlier trees with high concentrations of an element is that the y-axis scale for that element is inadvertently compressed for all other trees, potentially obscuring signals in relative variability through time that might be held in common across trees. To rectify this, concentration values were normalized within each tree for each element. In standard statistics, normalization is carried out by subtracting the mean from each value and dividing by the standard deviation of a distribution of values [45], thereby putting all samples on the same scale and making it easier to compare them with each other. Here, normalization was performed with a slight modification: instead of using the series mean, the median was subtracted from each value in order to reduce the influence of outlier values within a series. This modification is clearly called for in the case of Tree #1 for Cr, Fe, and Mo (Figure 2a), as these series have outlier values much higher than the other values, but this modification is appropriate generally, in part, because the number of values within each tree for each element is low. The median is safer than the mean for estimating the central tendency of a distribution with few data points [45]. After transformation by normalization, the data were overlay plotted again for all elements and trees measured. An additional time series of median values for each decade was added to each plot to highlight temporal trends held in common across trees, which is similar to the robust estimation of tree-ring chronologies in typical dendrochronology [46].



Sure enough, patterns that were not obvious in the plots of raw concentration values became apparent in the normalized data (Figure 3). At least three elements (Mo, Cr, and Fe) show little to no trend through time up to the 2000s, but then show a sharp increase in the most recent decade, the 2010s (Figure 3a). This pattern is also true for V, though not as strongly. This pattern is expressed, pretty much, by all trees measured, including trees well away from Lake Norman that were sampled to serve as control trees for comparison with trees within the area of Lake Norman. If these elements wound up being of interest in subsequent research on a possible linkage with the illnesses in and around Lake Norman, then technically speaking, this data set does not yet have control trees showing no change in these elements during the 2010s.



A longstanding concern in dendrochemistry is interpreting high values of elements in the outermost rings of trees [47]: Does such a pattern truly reflect a recent increase in environmental availability of these elements throughout the area, in which case, those elements might be legitimate candidates for further study in environmental epidemiology? Or, does this pattern reflect internal tree physiology where concentrations of elements tend to be high in outermost rings simply because that is where the most biological activity is found in the trunks of trees [48], in which case, those elements would not merit further study for environmental interpretation? One way to assess this question in dendrochemistry is to check other elements as a form of control: If most, if not all, elements measured showed high values in the outermost rings, then internal tree physiology could be a plausible explanation over the alternative of there being a change in the environmental variability of everything. Or, if there were other elements that did not show high relative values in the outermost rings, then the elements that did show high values for the last decade might actually be increasing in environmental availability.



In this North Carolina data set, most elements measured do not show high relative values for just the outermost decade (Figure 3b). Some of these elements (Cu, Al, Ni, Sn, Co, and Sb) show upward trends throughout the entire period covered by all trees, which might be evidence of a general increase in population in the area, resulting in slight but steady increases in airborne particulates (dust) generally [49]. Other elements (Mn and Cd) show downward trends throughout the entire period covered by all trees, which might be difficult to explain. Further, other elements (Ag, Se, Ba, As, and Zn) show no trend throughout the entire period covered by all trees, which, at a minimum, is evidence that dendrochemistry can yield time series without abrupt high relative values in the outermost rings. Given this, it is not unreasonable to conclude that Mo, Cr, Fe, and possibly V should be studied further in environmental epidemiology. Is there a plausible environmental explanation for the high environmental availability of these elements recently? Additionally, might human exposure to any of these elements result in adverse health effects?



An element of persistent interest in dendrochemistry, regardless of the motivation of any given study, is lead (Pb). Lead has a long history of being both useful to humanity [50] and harmful to human health if ingested even in minute amounts [51]. The environmental availability of lead increased virtually everywhere throughout the 20th century as a result of adding it to gasoline, which began in the 1920s [52], thereby creating a public health nightmare [53]. By the 1970s in the US, lead began to be phased out of gasoline, with the last of leaded gasoline being available for automobile use in the 1980s [54]. Environmental monitoring since the 1980s has shown decreases in the environmental availability of Pb, as well as in blood lead levels in people [55].



Given that the recent history of lead in the environment is well-known, Pb could serve as a calibration test for dendrochemistry: Can dendrochemistry document the history of lead by showing increases throughout the 1900s up to the 1980s, then leveling off, and then decreasing? Early dendrochemistry of lead was not optimistic, showing movement of lead across rings and, therefore, cautioning against the simple interpretation of the dendrochemistry of lead [56]. Subsequent dendrochemistry publications have had mixed success in documenting Pb through time [57,58,59,60].



What about Pb in this study in North Carolina? No temporal pattern of lead is obvious in the overlay plot of raw concentrations (Figure 2), probably largely due to the existence of two trees with high absolute values compressing the y-axis scale for the other trees. However, after normalization, a pattern of Pb through time does emerge (Figure 3b, the last plot), and it matches well with the history of lead in the environment throughout the 1900s and the 2000s. Lead increased from the 1920s through the 1980s, then leveled off in the 1990s, and then decreased to the present.



One general concern regarding the dendrochemistry of lead has been the possibility of lead concentrations in tree rings correlating with the width of the rings. For example, a negative correlation has been shown, whereby wide rings had low concentrations of Pb and vice versa [61]. Such an association would diminish the dendrochemistry of lead as an independent indicator of the environmental availability of Pb. Testing for this in the North Carolina data, some of the trees do show a negative association between decadal wood mass (a proxy for ring width) and Pb concentrations (Figure S1). However, in only some of those trees is this association strong, whereas in other trees it is weak. In still other trees, the association of the sample mass with Pb concentrations is positive. Thus, in this study Pb concentration is not consistently associated with wood mass, and therefore, the dendrochemistry of Pb is not merely a proxy for ring width.



Confirmation of the history of lead in the environment by these dendrochemistry data should lend credence that other elements are being accurately depicted by these data. For example, the elements showing high values in the outermost decade might actually reflect reality in the environmental availability of those elements.




4. Discussion


The questions underlying the use of dendrochemistry in public health studies can be considered again at this point:




	
Tree selection: Various principles exist for selecting trees for sampling in dendrochronology, ranging from random sampling for general purposes to the targeted selection of trees for specific objectives [62]. Dendrochemistry for public health research often involves sampling within local neighborhoods, including on private property, where selecting trees for study can be dictated more by logistical practicalities than by theoretical preferences of dendrochronological principles. In an ecologic study, the exact location of sample trees is not important, with the emphasis falling more on trees being generally representative of the area. In this study, loblolly pine is common and abundant; thus, that was the species of choice. Reasonably mature trees were selected so as to provide a time series as long as possible, acknowledging that urban trees are not likely to be very old, i.e., rarely older than 50 years. Chronologies of only a few decades in length would not be useful for dendroclimatological reconstructions, but changes in environmental chemistry might not otherwise be knowable back in time for even a couple decades; therefore, 50 years of dendrochemistry results could be quite useful.



Regardless of the climate of a region, urban trees experience different soil moisture regimes across different residences or public parks, which cannot be controlled for and generally makes the cross-dating of growth rings across trees unlikely at the annual scale. A preferred scenario in dendrochemistry is that sampled trees have clearly visible, discernible growth rings with few if any periods of suppressed growth so that rings can be separated reasonably confidently and provide enough wood biomass to measure for element concentrations at what are bound to be trace levels.



Urban trees also experience different soil nutrient regimes across different residences or public parks, which cannot be controlled for. Because of this, the raw concentration data of dendrochemistry might reflect variations unrelated to whatever public health issue is occurring. Normalizing data within each tree is especially useful in this case, as relative changes in abundance of any given element across time within each tree are emphasized.



	
Site selection: Various principles also exist for selecting sites for sampling in dendrochronology, usually related to the broad objectives of a study, e.g., climatology [63], ecology [64], or geomorphology [65]. In ecologic studies for public health, no particular site should be more important than others, especially in the beginning phase of a study when there might not be a priori hypotheses about spatial variation in environmental chemistry. In particular, it is not necessary to aim for sampling sites to be near homes of people known to be sick or near specific industries thought to be emitting some contaminant or another. Therefore, site selection for public health studies is more a matter of optimizing the spatial density of sampling across a community or region. If possible, collecting more than one tree at any given location is useful for being able to assess inter-tree variability.



	
Control trees: Collecting trees thought to be away from the area of concern in the public health sense should be useful for providing putative control samples, i.e., trees growing outside the sampling area of interest. However, without knowing spatial patterns of environmental chemistry ahead of time, it is difficult to know with certainty that any given area really will provide a study with control samples. It is possible that trees initially presumed to be controls in a study will be similar to trees located within areas of public health concern, which would mean that true control trees might not be collected in the initial field collection. In that case, multiple field collections would be necessary.



	
Sample depth: Expectations in dendrochronology for the number of trees sampled and measured vary depending on the objectives and the type of measurements being made. Traditional ring-width applications of dendrochronology typically collect a lot of samples, e.g., many tens, if not hundreds, of trees [66]. However, collecting such high numbers of trees is not usually practical in dendrochemistry, in part because of having to sample in neighborhoods. Additionally, measuring tree rings chemically costs money and is expensive, and therefore, it is yet more impractical to measure many trees. Of course, some amount of sample replication is required in dendrochemistry in order to have confidence in the results (“entire [dendrochemistry] investigations based on a single tree … should be discouraged” [43]). Ideally, results from preliminary measurements on a few trees can suggest strategies for measuring more trees in subsequent analyses.



	
Temporal resolution of measurements: Intuitively, it would seem obvious to measure tree rings at the annual resolution. Tree rings are mostly annual in formation, and most traditional ring-width applications of dendrochronology measure rings at the annual scale. However, once again, dendrochemistry is expensive due to the cost of measuring wood chemically, and thus, measuring even one tree core with even just 100 growth rings at the annual scale could cost several thousands of dollars, which would be hard to afford across multiple trees. Combining rings through time and measuring at coarser time scales would reduce costs per tree, thereby allowing for more trees to be measured. Environmentally, chemical changes might occur slowly through time anyway, in which case a coarser temporal resolution for the dendrochemical data should suffice in identifying something interesting.



In this study, the decadal scale was a reasonable starting point for measurements. It appears that temporal patterns of environmental lead (Pb) are correctly demonstrated at the decadal scale, and thus, confidence should be reasonably high in the decadal values of other elements as well. If it were determined that a finer temporal resolution could help better pinpoint a moment of change in environmental chemistry, then additional samples are on hand for the measurement of shorter time increments.



	
Chemical elements to be measured: It might seem logical to start a dendrochemical assessment of an area with illness with an a priori interest in elements known to be detrimental to human health. For example, in addition to lead (discussed in detail above), environmental exposure to arsenic [67], cadmium [68], and/or nickel [69] is of general concern in public health and, therefore, these elements are commonly measured in public health studies. However, without specific prior knowledge about exactly what elements might be elevated environmentally and could possibly be causing an illness, it would be wise not to restrict an initial survey of elements to just those known to have caused illness elsewhere. A broader survey of as many elements as possible might result in discovering something that would not otherwise be suspected of being elevated environmentally and/or causing an illness.



	
Exploratory analysis of the data: For an initial analysis of dendrochemical data, time-series plotting of the concentration for all elements is reasonable for seeing if certain trees differ from others, which might indicate a temporal outlier period and/or a spatial “hot spot” (elevated values) for an element or multiple elements. This can be especially true when all measured trees are overlay plotted together on one plot for each element.



As a next step in exploratory data analysis, normalizing concentration values within each tree and replotting in an overlay time series can be additionally edifying. Normalization puts all series on the same scale, making them easier to plot together and compare. Subtracting median values, as opposed to mean values, from each raw value is a conservative approach and avoids undue influence from large positive outliers, which occasionally occur in dendrochemistry measurements [70].









5. Conclusions


Dendrochemistry at Lake Norman in North Carolina shows tree-ring values of molybdenum, chromium, iron, and, possibly, vanadium that are elevated in the most recent decade of time compared to prior decades going back to the early to mid-1900s. Multiple other elements measured do not show this temporal pattern, and thus, these elements appear to be unique in this regard. The dendrochemistry of lead (Pb) shows a slow increase throughout the 1900s, a peak by the 1980s, and a decrease since the 1990s, reflecting the known disposition of environmental lead due to its use in, and subsequent removal from, gasoline.



Further environmental monitoring at Lake Norman might be merited to confirm this temporal pattern of molybdenum, chromium, iron, and possibly vanadium, and/or to begin isolating a source or sources of these elements in the environment. Because this study was ecologic in design, it is not possible to associate these elements with the illnesses that are being reported there based on this study alone. If additional environmental monitoring confirmed this temporal pattern for these elements and isolated a source or sources for their current concentration, then biomedical research might be warranted to test for a possible linkage between exposure to these elements and body burdens and/or illnesses.



It has been said that dendrochemistry “should be used with caution as a tool for retrospective biomonitoring of environmental pollution” [71]. This, of course, is good advice generally for any scientific endeavor. In the case of using dendrochemistry in public health, caution can take the form of thoughtful site and tree selection, collecting samples from as many trees as possible/feasible, dedicating at least some sampling for the purpose of collecting specimens from putative control trees, optimizing the temporal resolution of growth rings to be measured with respect to tradeoffs between minimizing the cost of measurements while maximizing the number of specimens measured, measuring as many elements as possible without necessarily targeting elements thought to be playing a role in an illness, and plotting and graphing the data in multiple ways to maximize the chance of observing an environmental pattern if one truly exists while not overinterpreting patterns in the tree rings that might not be environmentally caused.
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Figure 1. Map of the US (inset) showing the location of North Carolina (shaded), and map of the study area showing locations of the sampled trees (tree symbols with #s. #s = numbers, as in Tree 1, or Tree 2). 
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Figure 2. (a) Time series of element raw concentrations for North Carolina trees measured thus far. Color code for the trees is given. These elements have outlier trees with unusually high concentrations relative to the other trees, whose lines are dashed for emphasis. (b) Time series of element raw concentrations for North Carolina trees measured thus far. Color code for the trees is given in (a). These elements do not have outlier trees with unusually high concentrations relative to the other trees. 
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Figure 3. (a) Time series of normalized element concentrations for North Carolina trees measured thus far. Color code for the trees is given in Figure 2a. The black line is the median of all trees for each time period. These elements show little to no temporal variation until the last time period (2010s), which is noticeably higher than the rest of the time. (b) Time series of normalized element concentrations for North Carolina trees measured thus far. Color code for the trees is given in Figure 2a. The black line is the median of all trees for each time period. Two elements show series-length trends downwards, five elements show no series-length trends, six elements show series-length trends upwards and lead (Pb) shows a particular temporal pattern. 
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